Introduction
Topical anesthesia has diverse applicability in alleviating pain, anxiety and discomfort caused by needle insertion and local anesthetic injection prior to anesthesia during surface skin surgical procedures. [1] [2] [3] Drug delivery of local anesthetics (LAs) via the skin brings a lot of advantages such as easier application, longer sustained drug release, less systemic adverse reactions and higher patient compliance. 4 Among the commercially available topical anesthetic products, the main dosage forms include gels, ointments, creams and so on, which noninvasively deliver LA agents such as prilocaine (PRI), lidocaine (LID) and benzocaine in locally required areas. 5, 6 Eutectic mixture of local anesthetic (EMLA) cream (LID 2.5% and PRI 2.5%) developed by Astra USA, Inc., which was approved by the US Food and Drug Administration in 1992, has been widely used on normal intact skin for local analgesia, and in genital mucus membranes for submit your manuscript | www.dovepress.com
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You et al superficial minor surgery and as pretreatment for infiltration anesthesia. The eutectic mixture of LID and PRI has a melting point below room temperature, and therefore, both LA agents exist as liquid oil rather than as crystals. However, EMLA induces short duration of action and several clinical side effects such as edema and erythema, mostly because of its emulsion structure and formulation. [7] [8] [9] Currently available literature indicates exploration of nanosystems for topical delivery of both LA agents (LID and PRI), such as phospholipid microemulsions, nanoemulsion and nanostructured lipid carriers (NLCs). 4, 10, 11 Negi et al developed phospholipid microemulsion-based gel formulation and nanoemulsion to modify the in vivo efficacy of the eutectic mixture of LID and PRI. 4, 10 Results revealed that this system could enhance skin permeability and compliance, and therefore has been proposed as a more useful alternative for the topical delivery of LID and PRI. Ribeiro et al used factorial design to optimize a process for the preparation of NLC for delivery of LID and PRI. 11 These results focused on in vitro research, and there was lack of in vivo evaluation. In conclusion, researchers have focused on ideal formulations for local anesthesia that promote the permeation of the drug at the site of application and a rapid and sustained onset of action, thus enhancing the efficacy and reducing toxicity.
Lipid-based delivery systems are composed of biocompatible and biodegradable lipids that can be utilized for controlled release, skin delivery and drug protection in the field of topical anesthesia. [12] [13] [14] [15] Among various lipid nanoparticles, solid lipid nanoparticles (SLNs) and NLCs are considered to be the most suitable ones due to the following advantages: high adhesion to the skin, thus forming a uniform film on the stratum corneum and enhancing skin permeation; increased chemical stability, thus preventing leaching during storage; opaque nature and the absence of any thickeners, thus bringing a pleasant esthetic character and skin feel; and controlled release, thus keeping persistent anesthetic effect. 12, [16] [17] [18] SLNs are composed of solid lipid or a blend of solid lipids, which are in the solid state at room and body temperature, and NLCs have been developed using the blend of both solid lipids and liquid lipids, which show a melting point lower and a drug loading higher than those of SLNs, respectively. 19, 20 In this study, LID and PRI were co-encapsulated in SLNs as well as NLCs. The formulations were evaluated for various physicochemical parameters including particle size, zeta potential, drug loading capacity (DL), in vitro drug release, in vitro cytotoxicity, in vitro skin permeation, in vivo anesthetic and analgesic activity in animal models. 
Materials and methods Materials
Preparation of slns
LID and PRI co-encapsulated SLNs (LID/PRI SLNs) were prepared using nanoprecipitation and solvent evaporation method. 21, 22 Lipid phase: LID (50 mg), PRI (50 mg), ISL (200 mg) and GMS (250 mg) were dissolved in 10 mL of chloroform. Aqueous phase: 100 mg DDAB was dissolved in 40 mL of Milli-Q water. Lipid phase was added to aqueous phase drop by drop, and stirred at 600 rpm and at room temperature for 12 h to get LID/PRI SLNs. LID-encapsulated SLNs (LID SLNs), PRI-encapsulated SLNs (PRI SLNs) and blank SLNs (SLNs) were prepared following the same procedures.
Preparation of nlcs
LID and PRI co-encapsulated NLCs (LID/PRI NLCs) were prepared by solvent diffusion method. 23, 24 Preparation of slns and nlcs freeze-dried powder
All kinds of SLN and NLC suspensions prepared above were centrifuged at 10,000 rpm for 10 min and the supernatant was discarded. 14, 25, 26 The pellet was washed with Milli-Q water for three times. Mannitol (5.0%, w/v) was added as a cryoprotectant for the freeze-drying process. The suspensions were frozen at −40°C, and then prefreezing was continued at −80°C for 24 h. Lyophilization was carried out at a pressure of 0.1 mbar and a temperature of −60°C for 48 h. The obtained SLN and NLC powders were collected and kept for further analysis.
Particle size, size distribution and zeta potential
The particle size (presented as volume-mean particle diameter), size distribution (presented as polydispersion indices [PDIs] ) and zeta potential of SLNs and NLCs were measured by dynamic light scattering with Zetasizer Nano-ZS (Malvern Instruments, Malvern, UK). 27 
Drug encapsulation efficiency and loading capacity
The drug encapsulation efficiency (EE) and the DL were evaluated by quantifying the amount of LID or PRI encapsulated in SLNs or NLCs by gel filtration method using Sephadex column (Sephadex G-50 Column).
28 Sephadex G-50 mini column centrifugation technique is a chromatographic method in which molecules in solution are separated by their size and, in some cases, molecular weight. It is generally applied to large molecules or macromolecular complexes such as proteins and polymers. Typically, when an aqueous solution is used to transport the sample through the column, the technique is known as gel filtration chromatography, versus the name gel permeation chromatography, which is used when an organic solvent is used as a mobile phase. The LID or PRI was separated from the SLNs or NLCs, and HPLC was used to measure the amount of drugs. A liquid chromatographic pump with autosampler connected to a UV-vis detector was used for the quantitative determination of LID and PRI. A Purospher C18 (5 mm, 250×4.6 mm) column was used with 77:23 methanol-NaH 2 PO 4 (0.02 M; pH 5) buffer as the mobile phase and a flow rate of 1 mL/min. Volumes of 20 mL were injected in the column and the LID and PRI were analyzed at a wavelength of 210 nm. The column temperature was maintained at 30°C. 4 The EE and DL of drug-encapsulated SLNs or NLCs were calculated as follows:
Amount of drug loaded in the system Amount of drug a
Amount of drug loaded in the system All materials in = the system × 100
stability of slns and nlcs
The SLN and NLC freeze-dried powders were suspended with Milli-Q water at 25°C±2°C before the test. Stability of SLNs and NLCs was evaluated by measuring the mean diameter, PDI and zeta potential for 120 days. 29 The results were calculated at predetermined time intervals (0, 15, 30, 60, 90 and 120 days).
in vitro drug release
In vitro release behaviors of the drugs from SLNs and NLCs were determined using Franz diffusion cells. 30 Briefly, all kinds of SLNs and NLCs were placed evenly on the surface of the membrane (molecular weight cutoff =30,000 Da) mounted between the donor and receiver compartments of Franz diffusion cells. The receiver compartment was filled with pH 7.4 PBS, stirred at 300 rpm and maintained at 32°C±1°C using circulating water bath. Then, 0.5 mL of samples was collected at predetermined time points (1, 2, 4, 6, 8, 12, 24 and 48 h) from the receiver compartment and replaced with fresh pH 7.4 PBS. The amount of drugs released was determined by HPLC as described in the "Drug encapsulation efficiency and loading capacity" section.
in vitro cellular viability
In vitro cellular viability was evaluated using the MTT reduction test performed with mouse BALB/c-3T3 cells. 31, 32 Cells were seeded at ~2×10 4 into 96-well plates and incubated for 48 h. The cells were exposed for 24 h to samples of free LID, Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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You et al free PRI, free LID and PRI (LID/PRI), and LID-and/or PRIloaded SLNs and NLCs. The drug concentrations ranged from 0.1 to 1.6 mg/mL. Untreated cells were used as control. Cells were then detected by incubation in the presence of MTT solution (25 µL, 5 mg/mL) for 2 h at 37°C. The amount of MTT converted to formazan was measured to determine the percentage of viable cells, using a microplate reader at a wavelength of 630 nm.
ex vivo skin permeation study Ex vivo permeation study experiments of LID-and/or PRIloaded SLNs and NLCs were carried out on Franz diffusion cells. 27, 33 Firstly, rat abdominal skin was prepared as follows. Wistar rats were sacrificed and the fur on the abdominal area of the rats was removed. The skin was excised from the abdominal surface and the adherent fat and subcutaneous tissue was removed. The excised rat skin was mounted between donor and receptor compartments of the Franz diffusion cells with a surface area of 2.2 cm 2 and a receptor volume of 20 mL. Samples of free LID and/or PRI, LIDand/or PRI-loaded SLNs and NLCs containing 25 mg of LID and 25 mg of PRI were placed in the donor compartment. In the receptor compartment, 20 mL of PBS (pH 7.4) was placed. At predetermined time intervals (0, 0.5, 1, 2, 4, 6, 8, 12, 24, and 48 h), 1 mL of receptor medium was taken from the receiver and was replaced with 1 mL of PBS. The amount of drugs in the receptor medium was assayed by HPLC as described in the "Drug encapsulation efficiency and loading capacity" section. The cumulative amount of LID and PRI permeated was calculated as follows: in vivo anesthesia analgesic effect evaluation
Radiant heat tail-flick latency (TF latency) test was employed for evaluating the in vivo anesthetic effect of LID-and/or PRI-loaded SLNs and NLCs. 34 Wistar rats were randomly divided into 10 groups, with each group consisting of eight animals, and samples (containing 25 mg of LID and/or 25 mg of PRI) were applied on the tail. The samples included: LID/PRI SLNs, LID SLNs, PRI SLNs, LID/PRI NLCs, LID NLCs, PRI NLCs, free LID/PRI, free LID, free PRI and 0.9% saline control. Rats were placed in a plastic box; the ventral surface of the distal 5-6 cm of the tail was placed over a 0.5 cm hole, beneath which an infrared radiant bulb was placed. A 10 s cutoff was used to minimize the risk of tissue damage. TF latency was converted to represent the maximum possible effect (MPE) according to the following formula:
Test latency baseline latency Cutoff time baseline
The baseline latency was calculated as the mean of three different measurements taken at 15 min intervals. Baseline latencies typically ranged from 2.5 to 3.0 s.
statistical analysis
All data are expressed as mean ± SD. Statistical analyses were performed using Student's t-test. Differences were considered significant when the P-value was ,0.05 (P,0.05).
Results
Preparation and characterization of slns and nlcs
SLNs and NLCs were characterized by particle size, size distribution, zeta potential, EE and DL (Table 1) . Particle size of SLN systems was about 120 nm, which was smaller than that of NLC systems (175 nm). The size distribution of SLNs and NLCs was around 0.2. The zeta potential of LID/PRI SLNs and LID/PRI NLCs was +29 and +21 mV, respectively. The EE of both SLNs and NLCs was above 90%. The DL of SLN systems was higher than that of NLC systems (P,0.05).
stability of slns and nlcs
The stabilities of SLNs and NLCs were evaluated over a period of 120 days. For both SLNs and NLCs, the average particle diameter remained almost constant throughout the period ( Figure 1A ). There were no significant changes with time in the PDIs of all the formulations tested ( Figure 1B) . For both formulations, the zeta potential was positive and showed no major changes during the 90 days of storage ( Figure 1C ).
in vitro drug release
In vitro LID and PRI release from SLN and NLC systems is illustrated in Figure 2A 
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You et al were found with both SLN and NLC systems during the 48 h of testing. Compared with SLNs, NLCs showed a faster release before the first 8 h when more than half of the drugs were released from the vectors. However, SLNs exhibited a more sustained drug release behavior.
in vitro cellular viability
In vitro cellular viability data obtained using BALB/c-3T3 fibroblast cells incubated with free drugs and drug-loaded SLNs and NLCs are shown in Figure 3 . At all the studied concentrations, LID-and/or PRI-loaded NLCs had moderate effect on cellular viability (higher or around 80%). Decreases in viability of cells occurred in the LID-and/or PRI-loaded SLN formulas and free drug solutions. The significance among the systems was also considered and is illustrated in the figure. The IC 50 values of free drug solutions were between 0.7 and 1.0 mg/mL, which are significantly higher than those of LID-and/or PRI-loaded NLCs and SLNs.
ex vivo skin permeation
The skin permeation abilities of the various systems were evaluated by ex vivo permeation study. Ex vivo drug permeation behaviors of LID-and/or PRI-loaded SLNs and NLCs were calculated and compared with free LID and/ or PRI (Figure 4 ). Increases in permeation of LID and/or PRI were observed with time. The LID-and/or PRI-loaded SLNs and NLCs were much more sufficient than the free drug solutions (P,0.05). During the first 6 h, the drug permeation of NLCs was more effective than that of SLNs. However, after 6 h, the SLNs showed better skin permeation capacity (P,0.05).
in vivo anesthesia analgesia effect
In vivo anesthesia analgesia effect of drug-loaded SLNs and NLCs were evaluated by TF latency test. It can be found in Figure 5 that all the SLNs, NLCs and free drugs increased the TF latency significantly. There were no significant differences in baseline TF latency among all the groups tested. LID-and/or PRI-loaded SLNs and NLCs showed effective and long-lasting effect than the free drug groups. Compared with LID-and/or PRI-loaded SLNs, the NLC systems induced more remarkable anesthetic effect (P,0.05). Most importantly, the dual drugs-coloaded carriers exhibited significant anesthesia analgesia effect than the single drugloaded carriers (P,0.05).
Discussion
Lipid-based delivery systems can be utilized for skin delivery in topical anesthesia. 35 SLNs and NLCs are the most suitable ones because of their high adhesion to the skin, thus bringing about a pleasant esthetic character and skin feel, and controlled release of the drug leading to persistent anesthetic effect. In this study, LID and PRI were co-encapsulated in SLNs as well as NLCs. These two kinds of delivery systems were evaluated and compared throughout the research. SLNs and NLCs were characterized by their particle size, size distribution, zeta potential, EE and DL (Table 1) . Size is critical to topical drug delivery systems, since it was reported that particles smaller than 300 nm have the ability to deliver the drugs into deeper layers of the skin. 36 The average diameter of SLNs and NLCs in this study was below 200 nm; this may be the evidence that the formulation had the potential to deliver the drugs across the skin. Particle sizes of SLN systems were smaller than those of NLC systems (P,0.05). This may be explained by the fact that only solid lipids are used in SLN formulation; on the contrary, the lipids used in NLC formulation include liquids and solid lipids. Future studies are required in order to find out if this helps with the delivery of the drugs. In addition, PDI values of the SLNs and NLCs were obtained as around 0.2, suggesting homogenous size distribution in all formulations. 37 The zeta potential of LID/PRI SLNs and LID/PRI NLCs was positive due to the presence of amine groups of DDAB. The incorporation of the cationic lipid (DDAB) induced a positive zeta potential of the carriers. 38 The lower surface charge of the blank SLNs and NLCs than that of the corresponding drug-loaded particles may be explained by some of the positive drugs sitting near the surface of the particles. This phenomenon may cause faster release in the first few hours. We may observe this in 
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You et al the In vitro drug release section. The EE of both SLNs and NLCs was above 90%. Compared to other kinds of NLCs published in the literature, the EE values of LID were in the range 37%-44%, while lower values of around 33%-37% were obtained for PRI. 11 This confirmed that in our study, the drug dissolved in the lipid matrix, remained associated with the matrix and there was no obvious drug diffusion. 39 Stability evaluation of the SLNs and NLCs was essential to confirm that the structural properties were preserved over storage time, since disruption of nanocarriers in the drug delivery systems could affect their therapeutic potential. 11 The stabilities of nanocarriers were evaluated over a period of 120 days in terms of the mean particle diameter, PDI and zeta potential. For SLNs and NLCs, no aggregate was found, as the average particle diameter remained almost constant throughout the period. There were no significant changes with time in the PDIs of all the formulations tested. The value of the zeta potential also provides an indication of the stability of carriers in suspension. Both SLN and NLC systems were stable during the 4 months of storage time.
In vitro release of LID and PRI from the SLN and NLC systems was in a sustained-release pattern during the 48 h of testing. The sustained-release behavior is an important prerequisite for successful drug delivery. 40 This phenomenon could be explained by the entrapment of the drugs by the lipid materials, which could slow down the release of the drugs. NLCs showed a faster release before the first 8 h than SLNs; this may be due to the fact that the liquid lipid used in the NLCs lets the drugs be released from the carriers easier than the solid lipid used in the SLNs. The faster drug release during the first 12 h may be explained by the fact that there are some drugs near the surface of the particles, and thus, they could be released faster initially.
In vitro cellular viability data of free drugs and drugloaded SLNs and NLCs were different. Firstly, the samples tested in the study followed a dose-dependent manner. The cytotoxicity increased with the increase of drug concentrations. Secondly, the drug-loaded SLNs and NLCs had no obvious effect on cell viability, compared with free drugs (P,0.05). Lower toxicity to the cells may be explained by the protective effects of the carriers to the drugs, thus letting less drugs be exposed to the cells. 31 Finally, drug-loaded NLCs showed obvious higher cell viability compared to drug-loaded SLNs (P,0.05). This may be explained by better encapsulation and protection of drugs by NLCs than their SLNs counterpart; also, the size of the particles may influence toxicity.
Ex vivo skin permeation efficiency of LID-and/or PRI-loaded SLNs and NLCs was much more than that of free drug solutions (P,0.05). The results illustrated that both SLN and NLC systems have better skin permeation capacity, which may be due to the nanoscopic size and the biocompatibility for long-term skin administration. 41 The skin permeation capacities of the two systems were also compared with those of some similar systems reported. The LID-and PRI-loaded nanoemulsion had a cumulative skin permeation of ,250 µg/cm 2 for PRI and 200 µg/cm 2 for LID. 4, 10 However, in this study, the cumulative skin permeation of PRI and LID was 521 and 547 µg/cm 2 , respectively. During the first 6 h, the drug permeation of NLCs was more effective than that of SLNs; this may be due to the faster release of NLCs during the first few hours. After 6 h, the SLNs showed better skin permeation capacity. Thus, it can be concluded that SLNs had better permeation efficiency than NLCs during the experiments. The particle sizes of SLN systems were smaller than those of NLC systems (P,0.05), which could be the explanation for better ex vivo permeation of the SLN systems. Could SLNs also get better efficiency in vivo? We applied the in vivo study to verify this.
In vivo TF latency test is the most frequently used method. This test uses radiant heat to both measure the latency of the response to thermal noxious stimuli and assess the pain threshold and effect of anesthesia. The time of MPE in the saline group showed no obvious change during the experiment. LID-and/or PRI-loaded SLNs and NLCs showed long-lasting effect than the free drug groups. The results indicated that the drug-loaded nanocarriers revealed a more interesting anesthetic effect in the first few minutes and also displayed sustained anesthetic activity, compared with free drugs. The more remarkable anesthetic effect of the NLC systems than the SLNs illustrates that the impressive anesthetic effect of the NLC systems could bring about better LA therapy effects than SLNs. LID based ethosomes and liposomes were found to have weaker and relatively shorter-lasting anesthetic effect than the SLN and NLC systems in this study. 42 Significantly better anesthesia analgesic effect of the dual drugs-coloaded carriers than the single drug-loaded carriers could prove the synergistic effect of the double drugs co-delivered by the same vector. We could also conclude from the results that SLN systems exhibited outstanding permeation efficiency and could deliver the drugs more effectively through the skin; also, the NLC systems could better enhance the in vivo anesthesia analgesia effect of the drugs when applied on the rats. 
Conclusion
In summary, LID-and PRI-coloaded SLNs and NLCs can enhance the skin permeation and anesthesia analgesic effect of LID and PRI. Combination delivery of the dual drugs exhibited more remarkable efficiency than signal drug-loaded systems. LID/PRI SLNs have smaller particle size than LID/ PRI NLCs, and thus get better ex vivo skin permeation ability. The release of LID/PRI NLCs appeared faster during the first several hours than that of LID/PRI SLNs, and also revealed stronger in vivo anesthesia analgesic effect than SLN systems. Both SLNs and NLCs are promising dual drugs delivery systems for topical anesthetic analgesic therapy with different aspects of advantages. Our further research will mainly focus on how to combine the superiority of SLNs and NLCs together and construct a more efficient system.
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